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In this Letter, we report the first measurement of the emittance of intense laser-produced 

positron beams. The emittance values were derived through measurements of positron 

beam divergence and source size for different peak positron energies from various laser 

conditions, and for one of these laser conditions we also used a one dimensional pepper-

pot technique to refine the emittance value. The laser-produced positrons have a 

geometric emittance between 100 - 500 mm.mrad, comparable to the positron sources 

used at existing accelerators. With 1010-1012 positrons per bunch, this low emittance 

beam, which is quasi-monoenergetic in the energy range of 5 – 20 MeV, may be useful as 

an alternative positron source for future accelerators. 
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Recent experiments have demonstrated that irradiating high-Z targets with intense 

short pulse lasers (~ps pulse duration, 1018-1020 Wcm-2) creates a large number (>1010) of 

quasi-monoenergetic MeV positrons, with ~20-40 degree divergence angle at full-width 

at half maximum (FWHM) [1, 2]. This raised the possibility of using laser-generated 

positrons as an alternative source in linear accelerators. The interest in using laser-

produced positrons as a new source rests on the potential advantages of a much reduced 

physical size, therefore smaller cost, as well as improved beam characteristics, such as 

particles per pulse, energy span and beam emittance [3-6].  These advantages are shared 

by another “table-top” electron accelerator concept based on laser wake-field acceleration 

[7, 8]. 

Conventional positron sources typically consist of a multi-GeV electron beam 

hitting a thick, high Z target. For example, the Stanford Linear Collider (SLC) [9-11] 

used a 120 Hz, 30 GeV, 30 kW electron beam in conjunction with a 24 mm thick, water 

cooled, W(90%)-Rh(10%) target to produce positrons. A 2–kilometer long linear 

accelerator was required to generate the electron drive beam. Up to 5x1010 positrons per 

bunch, in the energy range of 2-20 MeV and with geometric emittance of about 500 

mm.mrad, were captured in the downstream accelerator system. (For consistency, 

throughout this paper, emittance (ε) refers to geometric emittance rather than the 

invariant emittance (εγ)). The collected positron bunches were then accelerated to 1.2 

GeV and transported to an emittance damping ring prior to injection into the accelerator 

proper.  

In comparison, the electrons used to produce positrons with intense lasers are 

made simultaneously in similar high-Z targets at a rate of one shot per 30 minutes. 
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Irradiating a much smaller target (1 mm thick, 2 mm diameter) with a very short duration 

(few ps), intense laser pulse generates about 1011 positrons with energies between 5-20 

MeV [1, 2]. The physics processes involved are the following. When an intense laser 

pulse illuminates a solid target, the laser electric and magnetic fields interact with the free 

electrons in the coronal plasma that is generated by the low-intensity laser prepulse 

(preceding the main pulse) at the front surface of the target. The majority of the absorbed 

laser energy goes into accelerating a fraction of the plasma electrons to energies greater 

than MeV — these hot electrons are the power source of pair generation. The pair process 

that is important in laser-produced plasmas is the Bethe-Heitler (BH) process [12], which 

dominates for thick high-Z targets [1, 13, 14]. The same physical process is dominant in 

accelerator-based positron sources. In the BH process, the laser-produced hot electrons 

make ~MeV-energy bremsstrahlung photons that create electron-positron pairs upon 

interacting with the nuclei. (In contrast, the direct process of pair-creation by an 

ultraintense laser produces pairs by the vacuum polarization caused by the strong electric 

field of the laser [15].) Given the comparable numbers of particles per pulse and the 

particle energies, a remaining question to be addressed is the emittance of laser-produced 

positron beams, and how it compares to the ~500 mm.mrad available at the SLC.  

Geometric emittance, ε, is expressed as ε2=[<x2><x’2>−(<xx’>)2], where x and x’ 

are the particle’s position and divergence along the x-axis, and the angle-brackets indicate 

averages over all the particles in the beam. An upper limit of emittance is given by 

ε2=σxσx’, where σx and σx’ are the root-mean-square (rms) values of the source size and 

divergence angle, respectively. In this paper, we report the upper limit emittance for four 
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positron energies: 6, 12, 17, and 28 MeV. We also present the emittance value derived 

using the 1-D pepper pot method [16,17] at 12 MeV.  

Given the combination of the very small laser focal spot (~10-2 mm) and the 

measured divergence of the positron beam in the range of 350-700 mrad (20-40 degrees), 

one might expect the positron emittance to be less than 10 mm.mrad. However, the actual 

source size and emittance of the laser-produced positron beam turn out to be much larger, 

as illustrated in Fig. 1(a). The reason for this is two-fold. First, the hot electrons produced 

in the laser focal spot spread laterally as they propagate through the target Therefore, at 

any depth into the target, the positrons are created in an area larger the laser focal spot. 

Second, because the positrons are produced inside the target via the BH processes as 

discussed above, we have previously estimated [1] that a large fraction (~90%) of the 

positrons annihilate inside the target, and only a small portion has sufficient kinetic 

energies to emerge from the target and be useable as a source. It is the lateral distribution 

of the escaping positrons at the rear surface of the target that determines the source size. 

Both the source size and angular divergence are affected by the initial laser-plasma 

interaction and the charged particle transport through the target, and therefore they both 

depend on the laser and target conditions. This paper shows that in our experiments the 

source size was ~300 - 700 µm (FWHM) and the measured beam divergence was ~20-40 

degrees over a range of laser energies. The upper limit emittance of the laser-produced 

positron beam is therefore in the range of 100 - 500 mm.mrad, which is comparable to 

that of the SLC positron source. 

The experiments were performed using 10 picosecond laser pulses at 1.054 µm 

wavelength from the Titan laser at the Lawrence Livermore National Laboratory [18], 
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and the Omega EP laser at Laboratory for Laser Energtics, University of Rochester [19].  

Laser energies of 200-320 J (Titan) and 250 - 850 J (Omega EP) were focused into ~8 

µm (Titan) and ~25 µm (Omega EP) diameter spots producing peak laser intensities from 

5×1018 to 6×1019 W/cm2. All targets were solid gold disks of 1 mm thickness.  

The experimental set up is shown in Fig. 1(b). The primary diagnostic was a 

magnetic spectrometer to be able to separate the positrons from electrons and protons. 

The spectrometer was absolutely calibrated allowing the total number of electrons, 

positrons and their energies to be determined [20].  To evaluate the upper limit of 

positron emittance, we used linear slit arrays that were attached to the collimator of the 

spectrometer and oriented parallel to its magnetic field. We used two different slit arrays, 

one with 15 slits each 200 µm wide separated by 200 µm, and the other with variable 

width slits ranging 50 to 1000 µm, separated by 850 µm. Parallel to the magnetic field 

lines, the slit arrays not only imaged the source, but also served as a 1-D pepper-pot that 

has been extensively studied as a technique to measure the beam emittance [5, 17, 21]. 

The acceptance angle of each slit greatly exceeded the possible source projection (by a 

factor between 60 – 200), thus ensured un-obscured source imaging. As shown in Fig. 

1(b), the angle between the beam axis and the axis of the spectrometer was varied to scan 

through the divergence half-angle of the whole beam. This procedure was needed 

because, at 105 - 300 mm away from the source, where the spectrometer was placed, the 

beam size was larger than the length of the slit arrays. The (s-polarized) laser with an 

axially symmetric intensity distribution was incident on the planar target along a direction 

close to the target normal, which resulted in symmetric electron generations, and 
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consequently an axially symmetric positron beam. As result, only half of the beam 

needed to be scanned in the experiment.  

The angular divergence of the beam was measured by keeping the laser and target 

conditions constant while recording the beam intensity across the beam.  The fluctuations 

of the laser energies (up to 20%) between shots were factored in linearly when the 

normalized intensity was calculated. The data of beam intensity vs. angle was well fitted 

by using a Gaussion function. Figure 2 shows the results for laser energy of  ~300 J and 

pulse-width of 10 ps (laser intensity ~5x1019 W/cm2). The divergence angle (FWHM) was 

found to be about 20 ± 6 degrees. For these laser parameters, the positrons distribution is 

quasi-monoenergetic with the peak at ~12 MeV. This results from acceleration of the 

positrons by the sheath electric field at the back of the target [2]. The uncertainty in the fit 

of the angular distribution comes mostly from the scatter of the beam intensities, which 

likely resulted from the shot-to-shot variation of laser prepulse condition. Although the 

prepulse energy is often proportional to the laser energy in the main pulse, the 

dependence of positrons generation on the prepulse conditions is so complicated that a 

simple linear folding was not sufficient to include its effect on the positron beam 

intensity.  

In a similar fashion, the angular divergence was also measured at the Omega EP 

laser using higher laser energy,  ~850 J, at 10 ps pulse duration with the 2 mm-diameter, 

1 mm-thick gold target.  The FWHM angular divergence was ~22 degrees (see Fig. 2 

inset). The peak of the positron energy distribution shifted to ~18 MeV due to the higher 

laser energy.  
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In addition to the angular divergence, we measured the positron (and electron) 

source sizes from penumbral images [22-24] produced by 200, 250 and 1000 µm-width 

slits (Fig. 3). In the penumbral imaging system, the extent of the image on detector is a 

convolution of source size, slit function, system magnification and detector resolution. As 

shown in Fig. 3, the hard edges of the 1000 µm-width slit project a penumbral image of 

the source on to the imaging plane. Assuming that the intensity profile of the source is 

approximated by a Gauss function, separation of the 12% to 88% intensity points of the 

penumbral image (δ1 and δ2) corresponds to FWHM of the source. De-convolution of 

these data from the slit function, system magnification and detector resolution gave the 

source size, which was determined at the energy corresponding to the peak of the 

distribution. We also verified the axial symmetry of the positron beam by taking source-

size data with the slit array oriented parallel and perpendicular to the direction in which 

the angular scan was performed.  The results showed the same image size along the two 

perpendicular directions, confirming the expected the axial symmetry of the positron 

beam.  

The error in the source-size data comes from several factors such as slit 

dimension measurement, system magnification calculation, fitting procedure, statistics 

and detector pixel size. The most significant of these are the magnification and detector 

spatial resolution. The use of a magnetic spectrometer in the setup, although being 

necessary in separating the electrons and positrons, limited the magnification of the 

system to l/L =1.2 – 1.6 (see Fig. 1(b)) due to the relatively short drift distance from the 

imaging slit to the detector. In addition, the detector was a Fuji image plate (BAS-IP-

2040 SR), which has a spatial resolution of about 80-150 µm HWHM [28-30] when 
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scanned at a pixel size between 50 and 100 µm. The combination of small magnification 

and detector resolution limited the resolution of the source size measurement to about 

±120 µm, while a quadrature addition of all individual errors gave the total error of about 

± 150 µm. 

Fig. 3 (inset) shows the positron source size as a function of energy (at the peak of 

its distribution) The source size varies between 800 and 400 um for peak energies 

between 6.5 MeV and 16 MeV MeV, with the larger source sizes corresponding to 

smaller peak energies. A possible explanation for this trend is that it results from 

collimation of the hot electrons by self-generated B field [25-27]. Higher peak positron 

energy means that higher flux of hot electrons is present, which produces a higher 

current, J, and a correspondingly larger B field. This field could reduce the angular 

spread of the electrons that generate the positrons via the HB process.  

From the measured positron beam divergence and beam source size we derived 

the upper limit of the geometric emittance (at the peak of the positron energy distribution) 

for a number of laser energies as shown in Fig. 4. Also plotted in Fig. 4 is the result 

obtained from a detailed analysis of the emittance measurements made at laser energy of 

~300 J, 10 ps. This analysis followed the well-defined 1-D pepper-pot equations derived 

in [17].  
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slit j, whereas 	  and	    denote the mean slit position, the mean divergence, respectively. 

 is the root-mean-square divergence of the beamlet j. We added the correction to 

	  resulting from the flattop distribution created by the slit projection [5, 21]:  

 

where l is the distance from the source to the slits, and L from the slits to the image plane. 

M is then the magnification of the system, and d is the width of the slit. Using the 

measured data points in above equation, we obtained 100.5 ± 44 mm.mrad for the 

emittance of the whole beam. If one were to interpolate the beam intensity at various 

angles through a Gaussian fit of the data points, a slightly smaller total beam emittance of 

62.3 ±58 mm.mrad would result for such an idealized case.  

Overall, the emittance of laser-produced positrons is comparable to but somewhat 

smaller than that of the 480 mm.mrad source used at SLC (Fig. 4). It is interesting to note 

that, although the physical process of positron generation is the same for the laser and the 

accelerator, processes unique to intense laser-plasma interactions may have helped to 

limit the beam emittance in at least two ways. First, the laser focal spot is very small (~10 

µm) limiting the source size of the electrons that ultimately generate the positrons, and 

the “cone of birth” of the positrons may have been further decreased by a plasma pinch 

effect. Secondly, the sheath acceleration experienced by the positrons at the rear surface 

of the target not only provides a favorable monoenergetic distribution, but also acts like a 

longitudinal stretcher, which elongates the positron cone and effectively reduces the 

beam divergence. However, in comparison with the emittance of wakefield-accelerated 
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electron beams [3-5] or that of laser-produced proton beams [6], the positron emittance is 

much larger. Although both the positrons and protons are accelerated by the “target 

normal sheet acceleration” mechanism [31] at the rear surface of solid high-Z targets, 

when irradiated by short, intense laser pulses at 1018-1020 Wcm-2, their “birth” place and 

“birth” divergence are quite different. The protons are created by the same sheath field 

via ionization of hydrogen atoms on the surface (present as hydrogen-containing 

contaminants). Their source size, divergence, and hence emittance, is determined 

primarily by the strength of the sheath field as a function of space and time. [32]. On the 

other hand, the positrons are created inside the target via the HB process, and both their 

“birth” place, divergence and transport through the target to the surface (prior to 

acceleration by the sheath field) are important factors in determining their source size and 

emittance.  

Despite the fact that the positron numbers, energies and emittance are favorable 

for laser-produced positrons as an alternative source for accelerators, the present state of 

high intensity-laser technologies seriously limits this application. Specifically, the low 

repetition rate of current laser-produced positron sources is such that it cannot yet meet 

the needs of an accelerator.  In general, the positron sources for accelerators need to 

operate at 5 – 120 HZ [33]. There are, however, substantial efforts under way worldwide 

to develop high power lasers with 0.1 - 10 HZ repetition rates driven by various needs 

[34, 35]. Such advances in laser technology, when realized, should enable laser-generated 

positrons to be an alternative accelerator source in the foreseeable future. 

In conclusion, the emittance of positron beams from intense laser-plasma 

interactions was measured to be in the range from 100 to 500 mm.mrad for energies 
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between 6 and 20 MeV. This is comparable to but somewhat smaller than the emittance 

of the positron source used at the SLC accelerator. Although with a much lower 

repetition rate, laser produced positron beams with their comparable emittance, large 

particle number and quasi-mono-energetic particle energies per pulse make it useful as an 

alternative source for future accelerate.  
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FIG. 1: Schematic of laser and target geometry (a) and positron emittance measurement 

setup (b) (not to scale). Positron (and electron) source refers to those particles that 

emerge from the rear surface of the target. The emittance measurements were made at 

various positions (denoted A, B and C) to cover half of the angular divergence of the 

whole beam, while for a given position each slit covers only a small portion of the beam. 
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FIG. 2: Angular divergence of the positron beam measured at Titan laser with laser 

energy of ~300 J, and pulse duration of 10 ps. The positron energy at the peak of 

distribution was 12 MeV. The inset figure is the angular divergence of positron beam as a 

function of laser energy. The data for laser energies less than 400 J were obtained at 

Titan, and for ~800 J at Omega EP.  
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FIG. 3: Lineout of the image of the positron beam through a slit array with 

variable slit-width of 200, 1000, 50, 100, 250 µm, from left to right. The average of δ1 

and δ2, taken between 12%-88% height of the maximum amplitude was used to infer the 

source size. The inset shows the measured positron source size as a function of positron 

energy (taken at the peak of the positron energy distribution) for several laser shots. at 

Titan under various laser conditions.  
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Fig. 4. Summary of the measured emittance of laser-produced positrons in comparison to 

that of SLC. The open squares and open circles denote the upper limit emittance 

determined from beam divergence and source size measurements on Titan and Omega EP 

lasers, respectively. The solid square and solid triangle were derived from 1-D pepper-pot 

analysis of the Titan data at ~12 MeV using the measured data points and using a 

continuous fit of these data points, respectively. The latter two data points were 

arbitrarily shifted to 11 MeV to make the figure more legible. The SLC positron 

emittance and its expansion range are plotted as dashed line and surrounding shadow. 
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